We have investigated the ability of monkey kidney cell lines (SupD3 and SupD12) inducibly expressing an amber suppressor tRNA set to suppress amber nonsense mutations in three genes of herpes simplex virus type 1 (HSV-1). HSV-1 mutant TK4, which contains a nonsense mutation in the non-essential viral thymidine kinase (TK) gene, synthesized a full-length TK polypeptide at about 30% of the wild-type (wt) level in induced SupD3 cells but not in the parental nonsuppressor (Sup0) cells. Using complementing cells, we constructed HSV-1 mutants carrying nonsense mutations in an essential gene, UL8, encoding a protein essential for viral DNA replication (ambUL8) or in a partially dispensable gene, UL12, encoding alkaline nuclease (ambUL12). The growth of the mutants in Vero or Sup0 cells was either totally (ambUL8) or severely (ambUL12) impaired, whereas in cells expressing suppressor tRNA the mutants produced infectious virus. However, the yields were much lower than obtained with wt HSV-1. In Vero or Sup0 cells the mutants ambUL8 and ambUL12 failed to synthesize full-length UL8 and UL12 protein products, respectively. Western immunoblotting showed that the virus ambUL12 produced fulllength UL12 protein in SupD12 cells which yielded a level of 25.9 % of the alkaline nuclease activity of the wt HSV-1 control. Our results show that the levels of suppression of the nonsense mutations in ambUL8 and ambUL12 are insufficient to allow their continuing propagation in the available Sup + cells. Possible reasons are discussed.
Introduction
The translation termination signals UAG (amber), UAA (ochre) or UGA (opal) are not recognized by tRNA anticodons and are, therefore, known as nonsense codons. The consequence of an in-frame mutation generating a nonsense codon within the protein coding region of a gene is synthesis of a truncated gene product. The viability of such a mutant depends upon whether the gene product is essential for growth and, if so, whether the truncated gene product retains some or all of the activity of the intact protein. Viruses carrying a lethal nonsense mutation can only be propagated in cells which themselves supply a functional gene product (complementing cell lines) or in cells which express a compatible suppressor tRNA (suppressor cell lines). Suppressor tRNAs (Sup + tRNAs) insert an amino acid in place of the nonsense codon to allow completion of the polypeptide chain. Whether the completed polypeptide has full, partial or no functional activity depends upon the * Author for correspondence. Fax +44 141 337 2236. e-mail A.PATEL@VIR.GLA.AC.UK compatibility of the introduced amino acid with the structure, function and stability of the gene product. Nonsense suppressing cell lines have an important advantage over complementing cell lines in that only a single suppressor cell line is needed for the propagation of nonsense mutations in a wide variety of viral genes.
The availability of mammalian suppressor cell systems has made possible the isolation of conditional lethal nonsense mutants of animal viruses (White & McGeoch, 1987; Sedivy et al., 1987; Chejanovsky & Carter, 1989; Smuda & Carter, 1991) . The mammalian suppressor cell systems used for animal virus work fall into two classes. The first consists of transient suppression systems which are usually based on engineered virus vectors [frequently simian virus 40 (SV40)] that encode the nonsense Sup + tRNA (Laski et al., , 1984 Capone et al., 1985) . The second category comprises various permanent cell lines in which the Sup + tRNA gene has been stably integrated into the cell genome: both constitutive and inducible systems are available (Hudziak et al., 1982; Young et al., 1983; Sedivy et al., 1987) .
The present study focuses on the possible use of a mammalian suppressor cell system for investigations of the functions of herpes simplex virus type 1 (HSV-1) 0001-3530 © 1996 SGM genes, which would allow propagation of mutants containing nonsense codons within any chosen gene. We used the permanent amber suppressor cell lines, BSCSupD3 and BSCSupD12, which are temperature inducible and produce a serine-inserting amber codon suppressor tRNA at 33 °C, but not at 39.5 °C (Sedivy et al., 1987) . These cells carry separately the Sup + tRNA gene in an SV40 replicon, and a temperature-sensitive (ts) SV40 large T antigen. In Sup + cells incubated at 39'5 °C the T antigen is non-functional and Sup + tRNA is not produced; however, at 33 °C functional SV40 large T antigen is synthesized and triggers amplification of the SV40 replicon containing the Sup + tRNA gene resulting in the synthesis of high levels of Sup + tRNA (Sedivy et al., 1987) .
Methods
Cells" and viruses. Baby hamster kidney (BHK) cells were grown in Eagle's medium supplemented with 10 % tryptose phosphate broth and 10 % new-born calf serum (ETC 10). Afiican green monkey cells, Vero and $22 cells, were maintained in Dulbecco's modified Eagle's medium with 5 % fetal calf serum (EFC5). $22 cells (kindly supplied by S. K. Weller), a Vero-derived complementing line permissive for HSV-I mutants carrying lethal lesions in genes UL8 and UL12, were grown in EFC5 in the presence of 300 gg/ml G418 (Carmichael & Weller, 1989; Weller et al., 1990) . BSCSup0 (referred to as Sup0), BSCSupD3 (SupD3) and BSCSupDI2 (SupDl2) cells (kindly supplied by J. M. Sedivy and P.A. Sharpe; Sedivy et al., 1987) were propagated at 39-5 °C in EFC5 containing 300 pg/ml G418. For induction of Sup + tRNA, the cells were incubated at 33 °C. As a control for some experiments, the suppression efficiency of SupD3 and SupD 12 cells was separately checked by estimating chloramphenicol acetyltransferase (CAT) activity in Sup + cells transfected with a reporter plasmid containing either the wild-type (wt) CAT gene (pRSV cat) or a version including an amber mutation [pRSV cat (am 27) ] and incubated at either 33 °C or 39.5 °C for 48 h (Sedivy et al., 1987) .
The wt HSV-1 strains 17 syn ÷ (Brown et al., 1973) and C1 101 (Summers et al., 1975) , and a CI 101-derived amber mutant, TK4 (Summers et al., 1975) , were propagated in BHK cells. The strain 17-derived HSV-1 mutants, HSV-lambUL8 and HSV-lambULI2, were grown in either $22 (ambULS, ambUL12) or A26 (ambUL8, see below) cells. The HSV-1 strain tsK/UL8, which overexpresses the UL8 protein at a non-permissive temperature (38-5 °C), has been described previously (Weir et al., 1989) .
Construction of trans/brmed cell line A26. The cell line A26 was constructed along the lines described by DeLuca et al. (1985) . Vero cells were co-transfected with a plasmid carrying the HSV-1 Bglll k fragment (nt 14589-25149; McGeoch et al., 1988) containing the complete genes UL6 to UL10, and pSV2neo containing the neomycin resistance gene (Southern & Berg, 1982) . Individual G418-resistant colonies were isolated and amplified. One such colony, designated A26, was able to support the growth of HSV-I mutant ambUL8 but not ambULl2. The A26 cells were routinely passaged in EFC5 containing 300 gg/ml G418. These cells were used to propagate the ambUL8 virus and also for analysis of viral DNA synthesis.
Construction of HS V-1 amber nonsense mutants.
Plasmids pX 1 a and pX7a contain HSV-1 gene UL8 (nt17854-20764) and UL12 (nt 23658 27991), respectively. To construct nonsense mutants, serine codons at amino acid position 267 (UL8) and 129 (UL12) were replaced with in-frame amber stop codons as follows. Oligonucleotides 5' GACGAGCGCCGGCGCCTAGAACTTCTCGCCGGC 3' (UL8) and 5' GTTGGGGATCACCGAGGCCTACCACATAGAGTCAAG 3' (UL12) from the m RNA-complementary strand carrying the altered bases (underlined), new restriction enzyme sites (bold letters) and amber stop codons (shown in italic) were synthesized, and mutagenesis of the UL8 and UL12 genes in pXla and pX7a, respectively, was performed as described by Sayers & Eckstein (1989) . In addition to introducing the amber stop codons the sequence alterations also created new restriction sites NorI (UL8) and StuI (UL12). DNA sequencing was used to confirm the conversion of the relevant serine codons to amber codons and the presence of the newly created restriction enzyme sites in the resultant plasmids, pX140 (ambUL8) and pX73 (ambUL12).
BHK cells were co-transfected with linearized plasmid pX140 or pX73 and wt HSV-1 DNA and incubated at 37 °C until extensive CPE was visible. The virus progeny from the transfected cells were plated on $22 cells and resulting plaques were screened for their ability to grow on $22 cells but not on Vero cells. Two independent isolates (ambUL8, ambUL8-1 and ambUL12, ambUL12-1) carrying the amber stop codon in each gene were generated and the presence of the novel restriction sites confirmed. To construct revertant viruses, BHK cells were co-transfected with genomic DNA of one isolate of each mutant (ambUL8 and ambUL12) and plasmid pXla or pX7a. The revertant viruses, ambUL8R and ambUL 12R, were isolated from the transfection progeny by plaquing on BHK cells. As expected, the revertant viruses lacked the respective novel restriction enzyme site (data not shown) and were phenotypically identical to the wt virus. All recombinant viruses were plaque purified three times prior to tile preparation of working stocks.
Measurement of alkaline nuclease activity. The alkaline nuclease assay was performed essentially as described by Morrison & Keir (1968) and Weller et al. (1990) . Briefly, crude extracts of mock-infected or infected cells were used to digest [3H]thymidine-labelled BHK cell DNA and the enzyme activity was measured as the rate at which radioactivity was rendered acid soluble per mg of protein extract during 30 min incubation at 37 °C.
Radiolabelling of viral polypeptides. SupD3 and Sup0 cells were grown at 39.5 °C overnight; half the cultures were then incubated for 48 h at 33 °C and half remained at 39-5 °C. Cells were then either mockinfected or infected with wt HSV-I CI 101 or TK4 virus at an m.o.i, of 20 p.f.u./cell and labelled from 6 h to 12 h post-infection at 39-5 °C or 33 °C as appropriate with 20 pCi of [35S]methionine/ml Eagle's medium containing 1/5 normal concentration of methionine and 2 % fetal calf serum. The cells were harvested at the end of the labelling period for SDS-PAGE analysis as described (Marsden et al., 1976) .
Western blotting. Proteins were electrophoretically transferred from SDS PAGE gels to Hybond-ECL membranes (Amersham) as described by Towbin et al. (1979) , and probed with monoclonal antibodies (MAbs) directed against HSV alkaline nuclease (MAb Q 1 ; Banks et al., 1983) or the HSV-1 UL8 protein (MAbs 811 and 817; McLean et al., 1994) . Bound antibodies were detected using horseradish peroxidaseconjugated anti-mouse IgG (Sigma) and the enhanced chemiluminescence detection system (Amersham).
Estimation of acyclovir (ACV) EDso values.
Monolayers of SupD3 cells were produced in 50 mm tissue culture dishes at 39-5 °C overnight, after which two-thirds of the cultures were incubated at 33 °C for 48 h, whereas one-third remained at 39-5 °C. Monolayers of cells incubated at both temperatures were then infected with between 100 and 200 p.f.u./culture dish of either TK4 or wt virus. Virus was added for 1 h at 33 °C or 39.5 °C, the monolayers washed twice with warm PBS containing 5 % fetal calf serum, and overlaid with warm EFC5 medium containing 1.5 % carboxymethyl cellulose and various concentrations of ACV. The cells were maintained at 33 °C or 395 °C or upshifted from 33 °C to 39.5 °C as appropriate and described later in detail. Cultures were fixed and stained at 48 h post-infection and the plaques counted. The number of plaques per plate was calculated as a percentage relative to the drug-free control and the EDs0 values were then interpolated from the graphed data.
Results and Discussion
The efficiency of suppression of an amber codon in SupD3 cells has been measured at about 20% upon induction of suppressor tRNA by incubation of cells at 33 °C (Sedivy et al., 1987) . Such suppression must result in significant levels of read-through of natural amber termination signals which may have an adverse effect on cell viability and growth of the cell culture. Therefore, the viabilities of SupD3 (Sup +) and control Sup0 (Sup) cells were determined by trypan blue dye exclusion at various times after Sup + tRNA induction. As shown in Fig. 1 (a) , whereas the viability of Sup0 cells was virtually unaffected by incubation at 33 °C, viability of SupD3 cells declined progressively after 4 days, from 93 % to 39 % of cells by day 8 post-induction. The 4-day period of greater than 90 % cell viability identifies a 'window' within which experiments may not be significantly influenced by cytotoxic effects.
The DNA sequence of the HSV-1 strain 17 genome (McGeoch et al., 1985 (McGeoch et al., , 1988 shows that 17 of the 75 genes naturally terminate with an amber translation termination signal, and several of these are essential for virus replication. It was therefore important to investigate whether read-through of these natural amber codons by Sup + tRNA impaired HSV-1 replication in SupD3 cells. Hence the growth characteristics of wt HSV-1 (strain C1 101) in uninduced and induced cultures of SupD3 and Sup0 cells were compared by single-step growth analysis. As shown in Fig. 1 (b) , in Sup0 cells the infectious virus yield reached its maximum at 12 h and 21 h post-infection at 39.5 °C and 33 °C, respectively. The final virus yield obtained was about 2-fold lower at 33 °C. The growth kinetics of the wt virus in SupD3 cells at 39.5°C and 33 °C were almost indistinguishable; however, there was a 2-3-fold reduction in the virus yields on SupD3 cells as compared to that on Sup0 cells (Fig. 1 b) . This reduction in yield is unlikely to be due to the activity of the induced Sup + tRNA because there was little or no difference between the yields from SupD3 cells maintained at 39.5 °C and 33 °C. In parallel experiments, uninduced and induced SupD3 and Sup0 cell cultures were transfected with plasmids carrying either a wt CAT or an amber CAT reporter gene (Sedivy et al., 1987) . Measurement of CAT activities at 48 h posttransfection confirmed the presence of functional Sup + tRNAs in SupD3 cells at 33 °C but not at 39.5 °C, and gave a suppression efficiency of 18 % (data not shown). Replication of wt HSV-1 in SupD3 cells is therefore not appreciably impaired in the presence of the induced levels of amber Sup + tRNA.
Characterization of suppressor activity in HSV-infected Sup + cells
Initially, the amber TK4 mutant of HSV-1 strain Cl 101 (Cremer et al., 1979; Haarr et al., 1985) was used to test the suppressor tRNA system. TK4 has a single base change within codon 44 of the thymidine kinase (TK) gene changing a glutamine codon (CAG) to amber (UAG) (Haarr et al., 1985) . The TK4 mutant was selected because it has been well characterized and has previously been shown to be suppressed by a serineinserting Sup + tRNA from yeast (Cremer et al., 1979) . The HSV-1 TK gene, which is not essential for virus growth in tissue culture, has three operational ATG translational start signals resulting in the synthesis of one major (M,. of 43 000; 43K) and two minor (M,. of 39000 and 38 000; 39K and 38K) TK-related proteins (Marsden et al., 1983) . The TK4 nonsense mutation at codon 44 occurs before the second ATG (codon 46) and the coding regions for the minor TK-related proteins remain intact. Thus TK4 fails to make the major 43K protein but does produce the minor 39K and 38K proteins. TK4 has been shown to be defective in the thymidine monophosphate (TMP) kinase activity of the TK gene and temperaturesensitive for sensitivity to the antiviral agent ACV, which is activated by the HSV TK Irmiere et al., 1989) . To investigate whether the SupD3 cells promoted suppression of the amber mutation in TK4, the polypeptide profiles of extracts of wt and TK4-infected SupD3 and Sup0 cells incubated at 39.5 °C or 33 °C were compared on SDS-PAGE (Fig. 2a) . A major 43K TK protein could be identified in wt virus-infected SupD3 or Sup0 cells with more 43K protein produced in SupD3 than in Sup0 cells. In TK4-infected Sup0 cells maintained at either temperature, little or no 43K protein was detected but there was a somewhat increased prominence of the 39K protein band. The intensity of three other polypeptide bands (M r of 35 000, 30 000 and 24 000; 35K, 30K and 24K) was also increased at 39"5 °C and to a much lesser extent at 33 °C in TK4-infected SupD3 and Sup0 cells. The derivation of these other polypeptide bands is unclear but they may represent possible TK breakdown products. Alternatively, they may be TKrelated products initiated from ATG codons located downstream from the amber mutation. A very small amount of a 43K protein band appeared to be present in TK4-infected SupD3 cells maintained at 39"5 °C. This could be a host protein or TK polypeptide synthesized as a result of some leakiness of the SupD3 cell system, or the presence of a low level of revertant virus in the TK4 stock used (although no TK + virus was detected by comparing TK4 growth in the presence or absence of BrdC which is converted to a toxic nucleotide by HSV-1 TK). As expected, the intensity of the 43K protein band in extracts from TK4-infected SupD3 cells incubated at 33 °C was much greater than that found at 39"5 °C and about 30 % of the intensity of the wt 43K band at 33 °C (by densitometric analysis). At the same time, the intensity of the 38K/39K TK-related proteins and the 35K, 30K and 24K polypeptides was greatly reduced (Fig. 2 a) . The important conclusion from these data is that the SupD3 cells were able to suppress partially the amber mutation and restore the translation of full-length 43K protein in TK4 virus. These conclusions were confirmed by immunoprecipitation using a TK-specific antibody (Fig. 2b) . Several additional minor bands, at least some of which appear to correspond to the 35K, 30K and 24K polypeptides, were present in the gel tracks of immunoprecipitated material. However, it is not clear whether these are specifically precipitated by the antiserum.
To determine whether the 43K protein produced in SupD3 cells at 33 °C was functional, the ACV EDs0 values for TK4 and wt viruses grown in SupD3 cells at 39.5 °C or 33 °C were determined. HSV-1 TK converts ACV to ACV-monophosphate; cellular enzymes further phosphorylate ACV-monophosphate to ACV-triphosphate which is added to the growing DNA chain by HSV DNA polymerase, causing chain termination and inactivation of the polymerase (Reardon & Spector, 1989) . The residual activity of the 38K/39K TK-related proteins of TK4 is temperature-sensitive for ACV sensitivity Irmiere et al., 1989) . To eliminate the temperature-sensitive TK activity and measure only the ACV sensitivity of the full-length 43K protein, the SupD3 cells were incubated at 33 °C for 48 h prior to infection with virus and then shifted to 39'5 °C Temperature (°C)* TK4 wt TK4 wt 39"5 >250 5"6 > 100 3"0 33 7'5 2"5 3"5 2'5 Upshift 33 °C to 39"5 °C 60'5 7"5 > 100 3"0 * Cells were maintained at 33 °C, 39.5 °C or upshifted from 33 °C to 39.5 °C.
t Sup0 data are from an independent experiment in which the highest ACV concentration used was 100 gM.
at the time of infection and maintained at this temperature throughout the virus replication cycle. Any observed ACV sensitivity should then be due to suppression of the amber mutation in the TK4 mutant by pre-formed amber suppressor tRNA. Interpretation of these experiments assumes that the amber Sup + tRNA remains relatively stable at 39-5 °C. The ACV ED~0 values for wt HSV-1 ranged from 2.5 gM to 7"5 laM (Table  1) . The temperature-sensitive nature of the TK4 ACV sensitivity was demonstrated by EDs0 values at 33 °C and 39.5 °C of 7"5 gM and >250 gM, respectively. Suppression of TK4 by pre-formed functional Sup + tRNA, and a demonstration that the 43K protein produced in SupD3 cells has functional TK activity are shown by the intermediate ACV ED~o value of the upshifted culture (60"5 laM). Separate experiments to examine ACV sensitivity of TK4 or wt virus in Sup0 cells incubated at 33 °C, 39.5 °C or upshifted confirmed the temperature-sensitive nature of TK4 to ACV, and also demonstrated 39"5 °C levels of TK4 ACV resistance after temperature upshift. The wt virus was sensitive to ACV at both temperatures and after upshift ( Table 1) .
Construction of amber nonsense mutations of HSV-1
The experiments described above indicated that the Sup + cells may constitute a suitable cell system for the propagation of HSV-1 mutants carrying an amber nonsense mutation in a gene essential for virus growth in tissue culture. To test this experimentally we used HSV-1 genes UL8 and UL12 as model genes to insert an inframe amber stop codon within their respective coding regions. The UL8 gene product, a component of the viral helicase-primase complex Dodson et al., 1989; Calder & Stow, 1990) , is absolutely required for HSV-1 DNA synthesis in infected cells (Carmichael & Weller, 1989) . The UL8 protein is also thought to play a role in nuclear localization of the helicase-primase complex (Calder et al., 1992) , and in stabilizing the association between R N A primers and template D N A (Sherman et al., 1992) . The UL12 gene encodes the alkaline nuclease, which is not essential for viral D N A replication but is required for efficient virus production in infected cells (Preston & Cordingley, 1982; Costa et al., 1983; Banks et al., 1985; Weller et al., 1990) . Recently, Shao et al. (1993) have shown that the UL12 product is required for egress o f the virus capsid into the cytoplasm of infected cells.
HSV-1 nonsense mutants carrying an amber codon in place of the serine codons at amino acid positions 267 and 129, respectively, of the UL8 and UL12 genes were constructed. R N A mapping data indicate that the UL12 gene encodes two m R N A s , a 2"3 kb m R N A and a 3' coterminal l ' 9 k b transcript; the latter is expected to express an N-terminally truncated UL12 polypeptide initiating at the second methionine at position 127 (Costa et al., 1983; Draper et al., 1986) . The insertion of the amber stop codon at position 129 of the U L I 2 0 R F was expected to block the synthesis of both these UL12 polypeptides. Two plaque isolates o f each mutant (ambUL8, ambUL8-1 and ambUL12, ambUL12-1) were isolated in $22 cells as described in Methods. Fig. 4 . Analysis of viral DNA synthesis in infected cells. Vero, A26 and BHK cells were either mock-infected (MI) or infected with ambUL8, ambUL8-1, ambULl2 or wt HSV-1 at 5 p.f.u./cell. Viral DNA from infected cell nuclei was spotted onto a Hybond-N membrane (Amersham) in a series of 5-fold dilution steps, and analysed by dotblot assay using a2P-labelled plasmid pX7a essentially as described by Malik et al. (1992) .
Phenotypic characterization o f amb UL8 and amb UL12 viruses
The growth characteristics of the mutant viruses in Vero and $22 cells were compared with those o f the wt virus by single-step growth curve analysis. As shown in Fig. 3 , ambUL8 virus failed to grow on Veto cells, although the yield o f the same virus on the permissive $22 cells was similar to that of the wt virus grown either on Vero or on $22 cells. H S V -I a m b U L 1 2 grew in Vero cells to titres approximately 180-fold lower than the wt virus, whereas in permissive $22 cells its yield was 8-fold lower than that of the wt virus. Weller et al. (1990) and Shao et al. (1993) have reported similar results with their UL12 lacZ insertion mutant, AN1. As had been shown with AN1, the efficiency of virus production in H S V -l a m b U L 1 2 -infected Vero non-complementing cells was dependent on the m.o.i.; at low m.o.i. (0.001 p.f.u./cell) this virus was unable to grow on Vero cells (data not shown).
To monitor viral DNA synthesis, total DNA from infected cell nuclei was analysed by dot-blot hybridization using a virus-specific probe. As shown in Fig. 4 , the two ambUL8 isolates failed to synthesize DNA in Vero or BHK cells, although wt levels of viral DNA were synthesized in our UL8 (but not UL12)-complementing A26 cells. The virus ambUL12 was able to synthesize DNA in BHK cells but at slightly reduced levels compared to the wt virus (Fig. 4) . These results are consistent with the DNA phenotypes of the UL8 and UL12 mutants of HSV-1 (Carmichael & Weller, 1989; Weller et al., 1990) .
To confirm that the amber mutants were defective in their ability to synthesize either UL8 or UL12 polypeptides, Western immunoblotting was performed using MAbs to the UL8 protein [MAb 811 (N-terminal epitope; amino acid positions 185-253) and MAb 817 (C-terminal epitope; positions 717-750); McLean et al., 1994; E. C. Barnard & N. Stow, unpublished] , or to the UL12 protein (MAb Q1 ; . As shown in Fig. 5(a) , MAbs 811 and 817 detected the UL8 polypeptide in ambULSR-and wt HSV-l-infected $22 and Vero cells, and in tsK/ULS-infected Vero cells. As expected, neither antibody detected UL8 protein in ambUL8-or ambUL8-1-infected Vero cells (Fig. 5a,  lanes 2, 3, 13 and 14) . However, small amounts of UL8 protein was seen in $22 cells infected with the mutants (Fig. 5a, lanes 7, 8, 18 and 19) . The presence of the UL8 protein in ambUL8-infected $22 cells is due to HSV inducible expression of the UL8 gene resident in this cell line; the UL8 protein was not detected in mock-infected (therefore non-induced) $22 cells (Fig. 5 a, lanes 11 and  22) . The mutants ambUL8 and ambULS-1 were both expected to synthesize a truncated UL8 protein with a molecular mass of approximately 29 kDa containing the N-terminal 266 amino acids, but no such truncated protein was detected by the N-terminus-specific MAb 811 (Fig. 5a, lanes 2 and 3) . Possible explanations are that the expected truncated polypeptide becomes rapidly degraded or is masked by a non-specific band in that region of the gel.
Immunoblot analysis of the infected cells using MAb Q1 showed that the alkaline nuclease protein (M r of 82000) was synthesized in ambUL12R-or wt virusinfected Vero and $22 cells (Fig. 5 b) . A related product with an M r of 69000, which has also been observed by others , is thought to be a breakdown or underprocessed product of alkaline nuclease. As expected, Vero cells infected with ambUL12 failed to synthesize either protein band (Fig. 5 b, lane 5) , but both were produced, albeit in reduced amounts, in mutantinfected $22 cells (Fig. 5b, lane 1) due to inducible expression of the UL12 gene resident in these cells. This protein was not synthesized in mock-infected (noninduced) $22 cells (Fig. 5 b, lane 4) . Interestingly, MAb Q1 identified a truncated UL12 polypeptide with a molecular mass of approximately 25 kDa in $22 and Vero cells infected with ambUL 12 (Fig. 5 b, lanes 1 and  5) . This may represent the N-terminal 126 amino acids of UL12 which are expected to be synthesized by the mutant due to premature termination of translation at the amber codon, although its apparent size is nearly twice that expected (possibly due to modification -the protein is known to be highly phosphorylated; Banks et al., 1985) . The epitope for MAb Q1 has not, to our knowledge, been identified, although the antibody has been shown not to react with the in vitro translated product of the UL12-related 1'9 kb mRNA (Costa et al., 1983) . Our observation that the epitope may be located within the N-terminal 126 amino acids of the UL12 protein is consistent with the results of Costa et al. (1983) .
Suppression of HSV-1 UL8 and UL12 amber mutations on Sup + cells
To test the ability of the Sup + cells to suppress the amber nonsense codons in UL8 and ULI2 genes, $22, Sup0, SupD3 cells or another Sup + cell line, SupD12 cells (which exhibit a 50 70 % level of suppression; Sedivy et al., 1987) were infected at an m.o.i, of 5 p.f.u./cell with wt HSV-1, ambUL8-1 or ambUL12-1. Following incubation for 3 days at 33 °C, the cells were harvested and the virus yield was examined by plaque assay on $22 cells. As shown in Table 2 , the ambUL8-1 virus replicated in both types of Sup + cells but not on Sup0 cells, although the yields were 6 × 10 a-and 2 x 105-fold lower in SupD3 and SupD12 cells, respectively, than those in the permissive $22 cells. The virus ambUL12-1 produced a small amount of infectious virus in Sup0 cells, which is consistent with the ability of this virus to grow at high m.o.i, in non-permissive cells (Fig. 3) , and this yield was increased by 4-and 8-fold in SupD3 and SupD12 cells, respectively (Table 2) . Again, the yield of ambUL12-1 in the Sup + cells was considerably lower than in $22 cells (Table 2) . With both amber mutants there was 2-3-fold greater growth in SupD12 cells than in SupD3 cells. Low m.o.i. (0'001 p.f.u./cell) of induced Sup + cells with the amber mutants failed to yield infectious virus (data not shown).
We next determined whether alkaline nuclease activity in the crude extracts of infected cells was increased in ambUL12-infected Sup + cells. As shown in Table 3 
in various cells
After induction of the Sup + tRNAs for 48 h, cells were infected at an m.o.i, of 5 and allowed to absorb the virus for 1 h at 33 °C. To inactivate the residual virus from the inoculum, the cells were treated first with 0.14 M-NaC1, then with 0.1 M-glycine in 0-14 MNaC1, pH 3-0, for 1 min, and finally with EFC5 to neutralize the acid (Rosenthal et al., 1984) . Following infection at 33 °C for 3 days, the cells were harvested and the infectious progeny yield determined by plaque assay in $22 cells.
Virus yield (p.f.u./ml)
HSV-lambUL8-1 2.2 x 107 < 10 1.1 x 102 3-7 x l0 s HSV-lambUL12-1 4'5 x 106 8'7 x 103 3-7 x 104 7"0 x 104 wt HSV-1 3"4 x 10 7 5"7 × 10 7 3'5 × l0 7 3"3 x 10 r activity, SupD3 and SupD12 suppression induces 18.6 % and 25'9 % of wt-induced alkaline nuclease activity.
The synthesis of full-length UL12 protein in Sup + cells was examined by Western immunoblotting using MAb Q1. As shown in Fig. 5(c) , ambUL12 failed to synthesize the full-length UL12 protein in Sup0 cells, whereas a small amount of this protein was found in SupD12 cells (Fig. 5 c, lanes 1 and 4, respectively) . As shown in Fig.  5(b) , a small polypeptide migrating with an apparent molecular mass of 25 kDa and considered to represent the N-terminal 126 amino acids of the UL12 protein was found in the mutant-infected but not the wt-infected Sup0 and SupD12 cells (Fig. 5 c, lanes 1 and 4) .
In conclusion, the studies reported here with the HSV amber mutant TK4, which carries an amber nonsense codon in the non-essential TK gene, showed that a suppression level of approximately 30 % can be achieved in infected and induced SupD3 cells; this suggests that they may be capable of propagating amber mutants in essential genes to a useful titre. However, HSV-1 mutants carrying an amber nonsense mutation in an essential gene (UL8) or in a gene (UL12) required for optimal infectious virus production failed to grow to acceptable levels for maintenance in Sup + ceils. That these mutants are genuine amber mutants is supported by the following observations. First, the growth of the mutants in Vero or Sup cells was either totally (ambUL8) or severely (ambUL12) impaired, whereas they produced a very low yield of progeny virus in Sup + cells. Second, in Vero or Sup cells the UL8 and UL12 amber mutants failed to synthesize the corresponding full-length protein products, and in ambUL12-infected cells a new UL12-related C-terminally truncated polypeptide was seen. In addition to this truncated version, ambUL12 also produced a small amount of full-length UL12 protein in Sup + cells, indicating that some suppression of the amber codon in the UL12 gene had occurred. In ambUL8-infected cells no C-terminally truncated polypeptide was detected, possibly because of instability. Third, ambUL12 in SupD3 and SupDl2 cells produced 18-6 and 25-9 % of wt HSV-1 alkaline nuclease activity, but none in control cells. Evidence that the UL8 amber mutation was suppressed in Sup + cells was provided by the demonstration that this mutant consistently produced low levels of infectious virus in Sup + ceils but not in Supcells.
The low infectious virus yields of ambUL8 and ambUL12 viruses in Sup + cells suggest that although suppression of amber codons in UL8 and UL12 occurs, the level is not sufficient for effective propagation of the mutants on these cells. The reason for this is unclear. Historically, the suppression of nonsense codons in prokaryotic and eukaryotic cells has been found to occur at various levels of efficiency and appears largely dependent on the mRNA sequences outside the nonsense triplet (the codon context), and in particular the nucleotide adjacent to the 3' side of the UAG codon (Bossi, 1983; Miller & Albertini, 1983; Martin et al., 1989; Phillips-Jones et al., 1993) . For example, in human cells UAG codons followed by C or G appear to be more , ambUL8, ambUL8R, ambUL12, ambUL12R or wt HSV-1 as indicated at 10 p.f.u./cell. At 18 h post-infection, the medium was removed and the cells were suspended in SDS-PAGE denaturing buffer. Proteins from each sample were subjected to SDS PAGE and analysed by Western immunoblotting with (a) UL8-specific MAb 811 or MAb 817 or (b) ULl2-specific MAb Q1. (c) Following pre-incubation at 33 °C for 48 h, Sup0 and SupD12 cells were mock-infected (MI) or infected with ambUL12 or wt HSV-1 at 10 p.f.u./cell. At 18 h post-infection, cell extracts were prepared, subjected to SDS-PAGE, and analysed by Western immunoblotting with MAb Q1. Arrowheads show the C-terminally truncated UL12 polypeptides. The migration of protein size markers is shown at the sides of the gels. efficiently suppressed than UAG codons followed by U or A (Phillips-Jones et al., 1993) . In our amber mutants the UAG stop codons in genes UL8 and UL12 are both followed by 3' G. However, the possibility remains that the lack of cis-acting elements further downstream or upstream of the UAG triplet may lead to poor efficiency of suppression of the nonsense codons in these genes.
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